INTRODUCTION
The Core Flow Test Loop (CFTL) was designed at Oak Ridge National Laboratory (ORNL) tobe a high temperature, high pressure system for the circulation of helium coolant in axial flow through a bundle of electrically heated fuel rod simulators (FRS) under steady state and transient conditions. The fuel rod simulators were designed to be typical of GCFR application, with the cladding surface roughened over the heated length.
The initialtestrod bundle planned for installation in the CFTL was a 37 rod bundle consisting of 34 roughened and heated FRS plus three larger-diameter, roughened but unheated grid spacer support rods. This bundleis enclosed in a smooth hexagonal duct; its construction is shown in Fig. 1 of Ref. 1 and comprises four types of flow channel. These are:
1. central channels, bounded by three heated FRS; 2. support rod channels, bounded by two heated FRS and an unheated spacer grid support rod; 3. wall channels, bounded by two FRS and the smooth duct wall; and 4. corner channels, bounded by one FRS and an interior angle of the duct wall.
Th~ ratio of the velocity profile width to the roughness rib height is important to the determination of the friction factor and Stanton nurober for flow past a particular roughened surface. A profile of the actual roughness machined on the CFTL FRS cladding surface is shown in Appendix A; this roughness has a trapezoidal shape, a roughness rib height of 0.13 mm, a pitch-to-height ratio of 12, and a ·width-to-height ratio of 3.5. Thesedimensions produce a volumetric radiust of 3.918 mm for the CFTL fuel rod simulators and a volumetric radius of 4. 718 mm for the larger-diameter unheated grid spacer support rods.
The velocity profile width is defined as the separation distance between the volumetric surface of a ro1;1ghened rod and the surface of zero net momentum transfer, or shear, in the adjacent flow. This distance varies among the four CFTL channel types due to the differing geometries. In the wall and corner channels, it is also a function of the flow because the surface of zero shear moves outward from the roughened rod surface toward the smooth duct wallas the Reynolds ntimber increases. 2 tThe Volumetrie radius of a roughened rod is defined as the radius which would prevail if the volume of the roughness elements were smeared evenly over the rod surface.
In view of the wide range of velocity profile widths which would exist simultaneously within the various channels of the proposed CFTL test bundle, it was deemed essential to an accurate analysis of the CFTL flows that correlations expressing the dependence of friction factor and Stanton number upon velocity profile width be established experimentally for the particular CFTL roughness. The experiments to this purpose were conducted at KfK, Karlsruhe, FRG.
TURBULENT FLOW REGIMES
It was shown by Nikuradse 3 that turbulent flow* past a roughened surface can be characterized by one of three flow regimes, depending on the nature of the variation of the friction factor with the Reynolds number of the flow. At relatively low flow in the turbulent range, the friction factor varies with the Reynolds number in the samemanneras in turbulent flow past a smooth surface, and the flow is said tobe "hydraulically smooth." As the Reynolds number is increased, the thin region near the wall in which the flow field is dominated by the fluid viscosity narrows so that the roughness elements protrude to an increasing extent into the main flow stream, generating an increased frictional pressure loss by the mechanism of form drag. After this "transition region," the roughness elements are fully exposed to the main flow stream and the frictional pressure loss is virtually all due to form drag. Thus, at sufficiently high Reynolds numbers, the friction factor becomes independent of the Reynolds number and the flow characterized by a constant friction factor is termed "fully rough." Each of these three turbulent flow regimes would exist within the roughened portion of the CFTL bundle at some time during the planned test schedule. For tests at low bundle flow, fully rough flow would exist in the central and support rod channels concurrent with transition region and / or hydraulically smooth flow in the walland corner channels. t While existing relations applicable to flow past smooth walls could be used in the analysis of hydraulically smooth flow within the CFTL bundle, there was a need for development of correlations for the variation of friction factors and Stanton numbers with velocity profile width in both the transition and fully rough regimes offlow. It was also important to establish the Reynolds number rangein which each correlation applies, that is, to establish the extent of the transition region.
FRICTION FACTOR CORRELATION
A friction factor for flow past roughened surfaces is defined in a manner similar tothat for smooth surfaces. The friction factor for rough surface flow is defined as the proportionality factor f1 in the equation
for the axially averaged shear stress Tw at the rough wall. The terms PI and u1 in this equation represent the density and the spacially averaged velocity for the flow between the roughwalland the surface of zero shear in the adjacent flow.
*Laminar flow past a roughened surface can be treated in the samemanneras laminar flow past a smooth surface, except that the flow passage should be considered to be that defined by the roughness rib tips.
tThe walland corner channels are bounded by both rough (rod) and smooth (duct wall) surfaces. By design, these channels have much !arger wetted perimeters and consequently, significantly lower Reynolds numbers than the bundle average.
The friction factor f1 can be related to the velocity profile width Y L in the adjacent flow by the universallaw of friction for flow past rough surfaces.
2 For flow in an annular geometry such as that formed by axial flow over the surface of one ofthe rough rods in a rod bundle, this law can be written as the linear equation (2) The termhin Eq. (2) represents the height ofthe roughness rib above the root, while r1 is the volumetric radius of the rough rod. The parameters A and R(h+) are independent of Reynolds nurober in fully rough flow. Mathematically, the parameter Ais the gradient ofthe linear portion ofthe dimensionless velocity profile while R(h +) is the value of the dimensionless velocity at a point h units a bove the surface. However, recent experiments by Meyer and Vogel 5 in a parallel plate geometry have shown that the gradient of the linear portion of the dimensionless velocity profile varies with the velocity profile width and can differ significantly from the slope A of the linear relation of Eq. (2). This discrepancy is probably due to the known physical deviation of the dimensionless velocity profile from linearity both near the rough wall and near the surface of zero shear. The effect of these deviations on the average value of the dimensionless velocity, which is directly related to the friction factor by the equation (3) will vary with the velocity profile width since a smaller fraction ofthe dimensionless velocity profilewill be linear in a small channel with a short velocity profile. In fully rough flow, the parameters A and R(h+) of Eq. (2) become constant values. These values have been determined for the CFTL roughness by testing a single prototype rod in three different annular geometries; each geometry was formed by placing the roughrod at the center of one of a series ofthree smooth tubes ofvarying diameter. A discussion ofthe experimental apparatus and procedure is provided in the appendix.
The friction factors f 1 and the corresponding velocity profile widths (Y L) were determined for various flows adjacent to the roughrod in each of the three annular geometries using the experimentally measured values for axial pressure drop and flow, and application of the Dalle Donne-Meyer transformation. 6 ' 7 The slope A and intercept R(h+) of Eq. (2) were then determined by plotting the friction factor term J2/f 1 as a function of the velocity profile width term given by (4) The graphical interpretation for the results representative of fully rough flow is shown in Fig. I . Three distinct clusters of points are shown in Fig. I . Each cluster contains the points representative of isothermal axial flow past the CFTL rod in one of the three smooth outer tubes, over a range of Reynolds numbers in the fully rough flow regime. The parameter YT (mm), which represents the distance from the volumetric surface of the rough rod to the inner surface of the smooth tube, is indicated for each ofthe three annular geometries. As delineated in Fig. I , the intercept R(h +) and slope 
TRANSITION REGION FLOW
The parameters R(h+) and A become constant in fully rough flow because the friction factor is independent of the Reynolds number; this is not the case for flows within the range of the transition region. The friction factor can be expressed as a function of the Reynolds number, but it is more common to characterize flow in the transition region as a function ofthe roughness Reynolds nurober h+, where (S) The roughness Reynolds nurober is preferred because it is not a function of the hydraulic diameter. Thus, for single-rod tests in a succession of annular geometries with differing hydraulic diameters, the flow will become fully rough at different Reynolds numbers, but at the same value of h+, since the roughness height would not change in these tests.
The procedure employed to determine values for the parameters R(h+) and A for use in Eq. (2) for flows in the transition region is basically the sameasthat used for fully rough flow. However, to prepare a graph ofEq. (2) in the transition region, it is necessary that each ordinate value ~ be plottedas a function ofthe abcissa value [Eq. ( 4)] which corresponds to the same roughness Reynolds nurober (h +). Tothis end, it is useful to first separately plot the ordinate and the abcissa values as functions of h+.
A semilogarithmic plot ofthe ordinate values J2(f; as a function ofh+ for the CFTL rod is shown in Fig. 2 . Each of the three curves represents the experimental results foradifferent annular geometry; the parameter Yr (mm) that differentiates the curves is the annular gap, which is the distance between the Volumetrie surface of the rough rod and the inner surface of the smooth outer tube. The nearly verticallines which indicate a rapid decrease in the friction factor (f,) with increasing h+ at very low values of h + are Ieast-squares fits to the experimental results obtained for laminar flow. Following the transition to turbulent flow, it can be seen that the friction factor (f,) increases with h +in the transition zone, then becomes constant (within the Iimits of experimental error) as the flow becomes fully rough at an h+ value of about 20.
The curved lines representing the results for flow in the transition region are Ieast-squares fits to the plotted data for the two smaller annular geometries. However, for the uppermost curve which represents the results for flow in the 20 mm (Y,. =; 6.08 mm) geometry, the Ieast-squares fit was derived without consideration ofthe three points lying in the range ofh+ values between 3 and 9; these points can be seen to lie significantly below the uppermost dotted line. Subsequent to completion ofthe isothermal tests in the 20 mm smooth tube, the pressure transducer used for some ofthe readings at low flows was found to be out-of-calibration; this is believed to be the source for the anomalous behavior of the experimental results for low isothermal flow in the 20 mm tube. Fortunately, the ge~metries of the four channel types included in the CFTL bundle design would result in velocity profile widths which lie between those in the two smaller annular test geometries. The correlation for the Ieast-squares curve-fits to the transition zone results shown in Fig. 2 are of the form (6) The values ofthe constants for use in Eq. (6) for each ofthe annular test geometries are listed in Table I . It is also important to note from the results displayed in Fig. 2 that the transition zone for flow within the channels of the CFTL bundle can be expected to extend over the range of roughness Reynolds numbers (h+) from about 3 to 20. The values on the abcissa [Eq. (4)] areplottedas functions ofh + on the semilogarithmic plot of Fig.  3 . The modest but continuous increase in these values with h+ is caused by a slight movement of the surface of zero shear outward from the roughrod toward the inner surface of the smooth tube as the velocity of the flow increases. It should be noted that this increase in the velocity profile width (Y L) with the roughness Reynolds number occurs in fully rough flow as weil, albeit at a reduced rate.
The constants for the correlation of Eq. (4) , that is,
obtained by a Ieast-squares fit to the curves of Fig. 3 are listed in Table 2 . Derived ordinate values can be plotted against the corresponding values on the abcissa at selected values of the roughness Reynolds number by using these least squares polynomial fits for both the ordinate and the abcissa terms of Eq. (2); The result is shown in Fig. 4 for four values of h+ in the transition zone at uniform intervals ranging from 5 to 20. The lowest plotted line in this figure is identical to the line plotted in Fig. I and represents the limiting relation between J27'G and Eq. (4) reached as the value of h+ increases into the regime of fully rough flow.
In the transition region at h+ values of20 or below, the points plotted in Fig 
EFFECT OF TEMPERATURE ON FRICTION FACTOR
The previous discussion has concerned only the test results for isothermal flow. The term ~is plottedas a function of h + for three different heating conditions within each ofthe smooth tube shrouds in Fig. 5 . lt should be noted that the scale ofthe ordinate is expanded, and there is no discernible effect of temperature for determinations with the 13-mm smooth tube shroud, denoted "shroud 13" on the figure. However, there is a slight decrease of friction factor with increasing temperature for flow in shroud 16, and a marked temperature effect is observed for the test results in shroud 20. Since the velocity profile widths for the various channels of the CFTL bundle fall between those modeled by shrouds 16 and 13, the expressions previously developed for determination of the parameters A and R(h+) in isothermal flow should give satisfactory results for a CFTL bundle flow analysis.
In Fig. 6 , a temperature correction of the form ( 10) has been applied to all of the plotted data. This temperature correction is equivalent to the correction
and does reduce the scatter of data for the flows in shroud 20. However, as would be expected, this temperature correction spreads the originally closely grouped data for flow in the two smaller annular geometries and is therefore not recommended for CFTL application. This law expresses the ratio of the term ~to the Stanton number St 1 , which is applicable to the region of flow between the volumetric surface of the rough rod and the surface of zero shear. This Stanton number is defined by the equation ( 13) where T st is the bulk temperature ofthe coolant in the region adjacent to the rough surface. lt should be noted that the bracketed term on the right side of Eq. ( 12) is the sameasthat appearing in the universal law of friction for an annular geometry, Eq. 
where fandSt are the friction factor and Stanton number for the overall annulus. The quantities fand St were directly determined from the experimental data, that is, no transformationwas involved. The form of Eq. ( 15) is convenient because the ratio of friction velocities is easily evaluated using the relation 2
The parameter a in Eq. ( 16) is the radius ratio* for the annular geometry, while ß represents the ratio of the radius of the surface of zero shear to the radius of the smooth outer tubein which the roughrod is centered, and was calculated by the Dalle Donne-Meyer transformation. 6 The density ratio term of Eq.
( 16) was assumed sufficiently close to unity to be neglected.
*This is the ratio of the volumetric radius of the roughrod to the radius of the inner wall of the smooth tube and is equal to 0.392, 0.490, and 0.599 for the three annular geometries used in this experiment. The method used for determination of A 11 and G(h+) is similar tothat employed for determination ofthe analogaus quantities for the friction law in the transition region. However, there is an important additional restriction on the utilization ofthe graphical procedure; this is due to the dependence ofthe coolant physical properties upon temperature. Since the experimentally determined friction factors and Stanton numbers are affected by the variation of coolant temperature across the annular gap, thc experimental results used for the purpose of comparison in the different annular geometries should be obtained at approximately the same coolant bulk temperatures and wall-to-bulk temperature ratios (Tw /T H). Two sets of comparable results were found for the CFTL rod heated flow experiments; each is characterized by the (controlled) maximum rod wall temperature. The maximum wall temperature (Tw~I) and the range ofwall-to-bulk temperature ratios for both sets of comparable results arc listed in Table 3 . To find the slope A11 and the intercept G(h+) of Eq. ( 12) 12) at several values of h+ in Fig. 9 .
The slopes and ordinate intercepts of the straight lines shownon Fig. 9 are the values of AH and G(h+) for Eq. (12) for the CFTL rod at the indicated roughness Reynolds numbers for the tests at a maximum wall temperature of 150° C. These quantities are Jisted as functions of h+ in Table 4 . The slope AH can be expressedas a function ofthe roughness Reyno1ds number h+ by the relation As can be seenon Figs. II and 13, the plotted results for the flow in shroud 13 do not conform to I he expected trend indicated by the results for the 16 and 20-mm shrouds. This may be due to the m·lCh !arger spread of wall-to-bulk temperature ratios for the tests at a maximumrod wall temperaturc of 350°Ct, or it may be due to an effect of undetected rod bowing at these higher temperatures in tllis smallest shroud. These anomalous results for the heated flow in shroud 13 at a maximumrod wall temperature of 350° C were not considered further in the analysis.
With the results for the flow in shroud 13 neglected, the slopes and ordinate intercepts of • he straight lines connecting the points for flow in shrouds 16 and 20 are assumed tobe the values of A 11 a nd G(h+) for use in Eq. ( 12) for the tests at a maximum wall temperature of 350°C. These quantities are listed as functions of h+ in Table 5 .
The relation between the slope A and the roughness Reynolds number h+ for the heated tests a' a maximum wall temperature of 350 C as listed in Table 5 t Compare the spread ofwall-to-bulk temperature ratios at a maximumrod wall temperature of 150° C, as given on Fig. 7. 1t would be necessary to heat the inlet flow to the test section foir tests in the !arger annular geometries in order to reduce this spread. those derived from the results of the heated tests for which the heat balance error was no more than five percent.
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CONCLUSIONS
Correlations have been established for use in the calculation of both pressure drop and heat transfer for flow in the various channels of the proposed CFTL bundle. The nature and use of these correlations will be summarized in this section.
For fully rough flow, the friction factor under both heated and isothermal conditions can be calculated by use of Eq. (2) For conditions characterized by maximumrod wall temperatures other than the 150 and 350°C employed in this experiment, it is recommended that the results of these correlations be used in the process of linear interpolation or extrapolation as necessary to calculate values· appropriate to the desired temperatures.
In this work, the Iimits of the transition from hydraulically smooth to fully roughturbulent flow have been weil established for the CFTL roughness in terms o.f the roughness Reynolds nurober (h +).
For flow channels with physical dimensions near those of the proposed CFTL bundle, the transition zonebegins at an h+ value at about 4.0 and continues to an h + value of about 20.0 as shown o .1 Fig. 2 .
For flow in the transition zone, the friction factor can again be calculated through use of E l (2). In this flow regime, the parameter A was found to remain constant at the same value as for fully rough flow (Eq. 20). However, the parameter R(h +)was found tobe a function ofthe roughness Reynolds nurober and can be calculated using Eq. (9) .
With the friction factor known, the Stanton nurober in the transition zone can be easily dekrmined through use of simple expressions for the term (24) which is independent ofvelocity profile width in this flow regime. As shown in Fig. (7) , a value )f 16.58 is appro'priate for transitional zone flow at a TwM of 150° C. 
SUMMARY
Several different universal velocity profile widths would exist simultaneously in the ddTerent channels within the roughened portion of the CFTL bundle design. A successful analysis of the distribution of these channel flows depends upon prior determination of the behavior of the ·riction factor and Stanton number as functions of the velocity profile width for the particular CFTL roughness.
In this report, the results of an experiment performed at Kernforschungszentrum Karlsruhe to determine the friction factor and Stanton number behavior characteristics of a prolotype CFTL roughened rod are presented. The methods described in an earlier work 1 are implemented to con"ert the experimental results into correlations for the roughness friction factor parameters A and R(h+) ;tnd the roughness heat transferparametersAH and G(h+). The dependence of these four roughness parameters upon the roughness Reynolds n um ber h + was experimentally determined by testing a single prototypic CFTL roughened rod in a series of three annular geometries. The three test annular geometries were formed by placing the roughened CF rL rod successively at the center of each of three smooth outer shroud tubes of different diameter. Tlw Dalle Donne-Meyer transformation 6 was used for calculation of both the location ofthe surface ofzero shear in the flow and the friction factor associated with the rough surface.
The results ofthisexperimental and analytical effort are conclusive in establishing the roughness parameters for determination of the friction factors in the various chan·nels of the CFTL bundle design, both for fully rough and transitional zone flow. The test results indicate that the isothermal hction factor correlations arevalid for heated flow as weil as for isothermal flow, for flows insmall a wular geometries such as that associated with the bundle dimensions of the CFTL.
The experimental results for the determination ofthe heat transfer parameters are less conclusive.
Heat transfer correlations for the determination of Stanton nurober are recommended for flows past rods of the CFTL design with maximumrod wall temperatures of 150° C and 350° C. These correlations can be used for interpolation or extrapolation as necessary to determine the Stanton nurober for flows within the CFTL bundle at different maximum rod wall temperatures. 
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Appendix B EXPERIMENTAL APPARATUS AND PROCEDURE
The experimentwas performed in an air test rig at Kernforschungszentrum Karlsruhe (KfK). The apparatus and the experimental techniques were similar to those previously used in both !arge scale and small scale tests.
-11
A schematic diagram of the experimental apparatus used for the CFTL rod experiment is shown in Fig. B-1 . Air is circulated through this open loop by a compressor; the pressure pulsations are damped ina !arge holdup tank. Anair drier reduces the humidity ofthe air. Airflow is measured by one offour available orifice flowmeters placed in paralleland calibrated over various ranges of mass flow. After passing through the annular test section, the air is released through a silencer to the atmosphere. The apparatus is capable of a maximum mass flow of 90 grams/ s, at a maximum pressure of five atmospheres.
The test series involved both the isothermal and hea tedaxial flow of air past the roughened CFTL rod surface successively placed in three different annular geometries. The annular flow channels were each formed by placing the roughrod at the center of one of three smooth tubes of varying diameter. One smooth tube of 20-mm I. D. and another of 16-mm I. D. were supplied for these tests by KfK; the third smooth tube of 13.08-mm I. D. was supplied by ORNL and subseq uently straightened and honed at KfK before use.
The pressure gradient along the test section was measured at eight static pressure taps spaced at 80 mm intervals along the surface of the smooth tube. The location of the static pressure taps and the placement of the 7 .82-mm diameter CFTL rod within the smooth outer tube of 16-mm diameter are shown in Fig. B-2 . The absolute and differential pressures were measured by five capacitance-type pressure transducers (MKS-Baratron) with an accuracy ofbetter than 1% over the range from I to 10 6 Pa.
For the heated tests, temperatures were measured by sheathed Nickei-Chromium/ Nickei-Alumel thermocouples. The CFTL rod wall temperature profilewas measured by 14 thermocouples placed at I 0 different axiallocations along the rod; two thermocouples were placed on opposite sides of the rod at four locations so that any rod bowing would be indicated by a significant temperature difference. The outer surface of each smooth tubewas insulated by a thick layer of Kerlane tape and the tube wall temperature was measured by 16 thermocouples placed at 8 axial locations. Three additional thermocouples were placed to measure the air bulktemperaturein a mixing chamber at the test section outlet. The rod power, which can be varied from 0 to 13 kW, was adjusted as necessary to keep the maximum rod wall temperature constant during each series of test runs at different mass flows.
The spacers located between the first and second and between the seventh and eighth pressure taps as shownon Fig. B-2 were used only for the tests in the 13-mm and the 16-mm smooth outer tubes. The purpose ofthese spacers was to avoid test inaccuracies introduced by rod bowing when there is a small clearance between the rod walland the inner tube wall. The spacers consisted of three thin pieces of meta! which were laser-beam welded directly to the rod surface. The spacer tips were insulated from the inner tube wall by a ceramic layer.
A heat balance was performed for all non-isothermal runs to compare the measured electrical input power to the rod with the thermal power calculated from the measured mass flow and air temperature increase. Only data fortheruns in which the difference in the electrical and thermal powers was less than 6% were retained for further analyses. The test data were processed at ORNL using the KfK code AURIS, which converts the experimentally measured values of pressure and temperature at several axiallocations along the test section into an overall friction factor and Stanton number for the rough rod-smooth tube combination. The subsequent transformation of these values into the friction factor and Stanton nurober applicable to the region betwecn the rough surface and the surface of zero shear in the adjacent flow is also performed by AURIS. 
